The present study investigated the contributions of the medial prefrontal cortex and its major subdivisions, the dorsal anterior cingulate (ACd) and prelimbic±infralimbic (PL) cortices, to spatial working memory and inhibitory control processes. In experiment 1, excitotoxic lesions centred in the ACd or PL cortex did not affect acquisition of a nonmatching-to-place task in the T-maze with a retention interval of 10 s. However, the same reinforced alternation task was impaired by larger prefrontal lesions that combined ACd and PL cortices. In experiment 2, new animals were trained on a matching-to-place task in the T-maze that uses a rule counter to the animals' innate bias to alternate spontaneously. Now, discrete lesions of both the ACd and PL cortices impaired acquisition, but in different ways. Both animals with PL and with ACd lesions perseverated by nonmatching for more sessions than the controls, but only the PL animals also showed a more general increase in perseveration re¯ected in a further, extended period of applying an inef®cient response rule (e.g. always turn right) and a de®cit at reversing from matching to nonmatching. Acquisition of the matching-to-place task was also impaired by combined lesions of ACd and PL cortices. Overall, whilst spatial working memory processes appear to remain intact in those animals with discrete prefrontal lesions, the present ®ndings provide strong evidence for the differential involvement of the prelimbic±infralimbic and anterior cingulate regions in providing behavioural¯exibility.
Introduction
There is increasing evidence that the prefrontal cortex of nonhuman primates is heterogeneous in function (for example, Mishkin, 1964; Goldman-Rakic, 1987; Fuster, 1989; Rushworth et al., 1997) . Furthermore, ®ndings from attentional set-shifting and visual discrimination reversal learning experiments suggest that different prefrontal subregions provide different forms of inhibitory control. Speci®cally, lesions of the lateral prefrontal cortex but not orbitofrontal cortex were shown to impair behavioural¯exibility at the level of attentional selection (Dias et al., 1996 (Dias et al., , 1997 , whereas orbitofrontal cortex lesions but not lateral prefrontal cortex lesions impaired behavioural¯exibility at the level of stimulus±reward associations. Many studies have also examined the role of the rodent prefrontal cortex (or individual prefrontal subregions) in providing different aspects of inhibitory control over behaviour (Kolb et al., 1974; Becker & Olton, 1980; Kolb, 1984; de Bruin et al., 1994; Granon et al., 1994 Granon et al., , 1996 Aggleton et al., 1995; Gemmell & O'Mara, 1999; Ragozzino et al., 1999a) . Few studies have, however, attempted to make a direct functional comparison between two of the major subregions that make up the rat medial prefrontal cortex, namely the dorsal anterior cingulate cortex and the prelimbic cortex, with respect to behavioural¯exibility (de Bruin et al., 1994; Seamans et al., 1995; Joel et al., 1997; Ragozzino et al., 1999b) .
In the present study two complementary tasks were adopted for use in the T-maze. Previous studies using the same apparatus and strain of rat have shown that these tax the use of allocentric spatial cues to guide behaviour (Aggleton et al., 1995; Bussey et al., 1999) . The ®rst was a nonmatching-to-place test. By exploiting the rat's innate preferred strategy to alternate spontaneously (Richman & Dember, 1986) , the requirement to learn speci®c rules is minimized. The second, a matching-to-place task in the T-maze requires the rat to learn a rule that is counter to its innate bias. Because the spatial working memory requirements of each task variant is essentially identical, comparisons between nonmatching-and matching-to-place acquisition offer an unusually selective means of examining the contributions of the medial prefrontal cortex to response selection and control.
The aim of the present experiment therefore was to compare the effects of lesions centred in the prelimbic, the anterior cingulate, and the combination of both of these cortical areas on spatial forced alternation acquisition (nonmatching-to-place) and matching-to-place acquisition. The present study also assessed the effects of lesions of the same prefrontal subregions on a rule reversal from matching-to nonmatching-to-place in the T-maze. This ®nal reversal is of interest as it concerns the inhibition of a learned, rather than innate, response. Importantly, the present experiment differs in two key ways from other studies that have directly compared the roles of subregions within the rat prefrontal cortex in response control. Whereas previous studies have induced selective prefrontal damage by using electrolytic (de Bruin et al., 1994; Joel et al., 1997) or reversible inactivation techniques (Seamans et al., 1995; Ragozzino et al., 1999b) , the present study used neurotoxic lesion techniques to induce permanent cell loss within the prefrontal cortex whilst minimizing damage to ®bres of passage (see also Bussey et al., 1997) . Moreover, the design of the present study allows the potential role of different prefrontal subregions to be examined for two differing forms of inhibitory control, namely the ability to overcome (i) an innate response strategy and (ii) a learned response rule.
Experiment 1: nonmatching-to-place

Materials and methods
Subjects
Thirty male rats of the pigmented Dark Agouti strain (Bantin and Kingman, Hull, UK) weighing 220±250 g were housed in pairs in a temperature-controlled room on a 14-h light : 10-h dark cycle. Animals were provided with free access to water and by means of a restricted feeding regimen were maintained at 85% of their free feeding weight throughout the experiment. All experiments were carried out in accordance with the UK Animals (Scienti®c Procedures) Act 1986.
Surgery
Each animal was anaesthetized by intraperitoneal injection of pentobarbitone sodium (Sagatal, Rhone Merieux, UK) at a dose of 60 mg/kg. The animal was then placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA), and the scalp was retracted to expose the skull. A craniotomy was then made above the sagittal sinus and the dura cut and folded back to expose the cortex above the appropriate region.
For the combined medial prefrontal lesions (group MPFCx, n = 6), injections of 0.28 mL of 0.09 M N-methyl-D-aspartate acid (NMDA) (Sigma Chemical Company Ltd, Poole, UK) dissolved in phosphate buffer (pH 7.2) were delivered through a 1-mL Hamilton syringe into two different sites in each of two different vertical tracts. This resulted in a total of four injection sites in each hemisphere. The stereotaxic co-ordinates relative to bregma, with the incisor bar set at +5.0 mm relative to the horizontal plane, were as follows: AP +2.7, L T0.7, with depths of 4.5 and 2.2 mm below the top of the cortex, and AP +4.0, L T0.7, with depths of 3.5 mm and 2.0 mm below the top of the cortex. Each injection was made gradually over a 4-min period and the needle allowed to remain in situ for a further 4 min before being withdrawn. After completion of the surgical procedure, the skin was sutured and sulphanilamide powder was applied.
The same procedure was used for the more restricted prelimbic± infralimbic lesions (group PLx, n = 7) except that only a single injection was made in each of the two tracts, and a total of 0.3 mL of 0.09 M NMDA was injected in each of these sites. The co-ordinates relative to bregma were: AP +2.7, L T0.7, depth from top of cortex 3.5 mm, and AP +4.0, L T0.7, depth from top of cortex 2.8 mm.
For the dorsal anterior cingulate lesions (group ACx, n = 8) injections of 0.3 mL of 0.09 M NMDA were injected into three sites per hemisphere. The co-ordinates of these injections relative to bregma were: AP +2.0, L T0.7; AP +2.9, L T0.7; and AP +4.0, L T0.7. The depth at each site was 1.8 mm from the top of the cortex.
Finally, the animals acting as surgical controls (group SHAM, n = 9) received the same initial treatment as the animals receiving prefrontal lesions, but although the dura was cut and the needle of a Hamilton syringe lowered to the target site, no injection was made.
Histology
After the completion of the experiment, the animals were anaesthetized with an intraperitoneal injection of pentobarbitone sodium (Euthatal, Rhone-Merieux, UK) and perfused transcardially with saline followed by 10% formol-saline. The brain was removed and post®xed in formol-saline for a minimum of 2 h before being transferred into 20% sucrose in 0.2 M phosphate buffer and left overnight. Coronal sections were cut at 60 mm on a freezing sledge microtome, and every third section mounted and stained with cresyl violet, a Nissl stain.
Apparatus
All testing for the spatial forced alternation task was carried out in a modi®able T-maze. The¯oors of the maze were 10 cm wide and made of wood, and the walls were 17 cm high and made of clear Perspex. The stem was 70 cm long with a guillotine door located 25 cm from the end of the stem, thereby creating a start area. The cross piece was 140 cm long, and at each end there was a food well 2 cm in diameter and 0.75 cm deep. The entire maze was elevated on two stands that were 94 cm high and was surrounded by several extramaze visual cues. Lighting was provided by a¯uorescent light suspended 164 cm above the apparatus.
Locomotor activity was tested in a novel room using a modi®ed cage (56 Q 39 Q 19 cm) similar to the home cage. This was equipped with two parallel beams (20 cm apart) that ran perpendicular to the long axis of the cage (width of beam, 35 cm), and were connected to a computer system (Paul Fray Ltd, Cambridge, UK).
Behavioural procedures
T-maze nonmatching-to-place. Two weeks post surgery, all animals were given 4 days of pretraining so that they would run reliably down the stem of the maze to ®nd food pellets in the food wells in both arms. This was immediately followed by a series of 12 acquisition sessions, each of six trials. Each trial was divided into two stages, à sample run' followed by a`choice run'. At the start of each trial, two food pellets (45 mg, Sandown Instruments, UK) were placed in each food well and a metal barrier was placed at the neck of the T-maze, thereby closing one arm. On the sample run, the animal was placed in the start area and the guillotine door was raised. Because of the metal barrier, the rat could only enter one open arm, where it was con®ned until it had eaten the food. The rat was then picked up and returned to the start area for 10 s whilst the barrier at the choice point was removed, and both arms appeared to be re-baited. The door of the start area was then raised, and the animal was allowed a free choice between the two arms of the T-maze. On this choice run, the animal was deemed to have selected an arm when it had placed a hindfoot down that arm; no retracing was allowed. If the rat had alternated, i.e. had entered the arm not previously visited on the sample run, it was allowed to eat the food reward and was then returned to the home cage. If the other arm was chosen, i.e. the same arm visited on the sample run, the animal was con®ned to that arm for 10 s and then returned to the home cage. All rats were tested in groups of three or four with each rat having one trial in turn, i.e. using`spaced' trials, so that the intertrial interval was typically between 3 and 4 min. Each animal received six trials per day, and each day contained a pseudorandom sequence of three correct left and three correct right choices between the two arms. Nonmatching-to-place acquisition was measured as the total percentage correct scores across all 12 acquisition sessions.
Locomotor activity. Locomotor activity of all groups was tested immediately after completion of nonmatching-to-place. Interruption of either of the beams which ran perpendicular to the long axis of the modi®ed rat home cage resulted in an incremental count, registered by the computer system. The locomotor activity of each rat was monitored over a 2-h period, during which the total numbers of interruptions across the beams were recorded in 10-min intervals.
Results
Histological analysis
The cytoarchitectonic borders and nomenclature are taken from the atlas by Paxinos & Watson (1997) . Following histological analysis, none of the animals were discarded from their respective surgical groups.
The MPFCx lesion began at the level of the frontal pole and continued rostrally to the level of the genu of the corpus callosum. Of this subgroup, all six MPFCx animals showed extensive bilateral cell loss in both the prelimbic and dorsal anterior cingulate cortical areas, only the most caudal cingulate regions being spared (Fig. 1a) .
Furthermore, in all but one animal, this lesion extended ventrally to involve much of the infralimbic area. In one animal, there was limited cell loss in the dorsal olfactory bulbs and in the rostral motor cortex.
The lesions in the seven animals receiving more restricted injections of NMDA centred in the prelimbic cortex (group PLx) were, as expected, less extensive in total area. In all cases there was considerable bilateral cell loss in the prelimbic area, extending from just behind the rostral pole to the level of the genu at the corpus callosum (Fig. 1b) . Most animals showed some cell loss in the dorsal part of the infralimbic cortex, although in one animal this region was spared. In two of the seven PLx animals there was evidence of restricted cell loss in the most rostral and ventral portions of the dorsal anterior cingulate cortex.
The lesions in the ACx group consistently involved the entire extent of the anterior cingulate cortex dorsal and rostral to the corpus callosum (Fig. 1c) . The cell loss in the anterior cingulate cortex began at a level just behind the rostral pole and continued caudally to a level just behind the genu, although there was some sparing in the most caudal regions in three of the eight ACx rats. Prelimbic damage occurred in only one of the eight animals and was restricted to the most rostral and dorsal portion of the rostral prelimbic cortex.
Behavioural analysis
T-maze: nonmatching-to-place, acquisition. During the initial 12 acquisition sessions each animal performed a total of 72 trials with a retention delay of 10 s. The scores were grouped into four blocks, each of three sessions, and the mean percentage correct scores for each of the four groups are shown in Fig. 2 .
Analysis of these blocked scores using an ANOVA revealed a highly signi®cant group effect (F 3,26 = 23.8, P < 0.0001). Subsequent Newman±Keuls tests showed that this re¯ected the poor performance of the MPFCx group, which was signi®cantly worse than any of the other three groups (P < 0.01). None of the other groups differed from one another. The analysis also revealed a signi®cant effect of session block (F 3,78 = 6.3, P < 0.0001), but the group Q session block interaction just failed to reach signi®cance (F 9,78 = 1.9, P = 0.058).
Locomotor activity. Activity measures were variable after surgery, but there were no signi®cant differences between any of the four groups within a session (total activity scores T SEM: SHAM, 527.9 T 76.2; MPFCx, 428.2 T 92.1; PLx, 582.0 T 73.3; ACx, 684.3 T 80.0). An ANOVA of the activity scores recorded at 10-min intervals across the 2-h session revealed a highly signi®cant effect of time interval (F 11,286 = 51.7, P < 0.001), but no effect of group (F < 1) and no group Q time interval interaction (F < 1).
Experiment 2: matching-to-place
Materials and methods
Subjects
Twenty-eight male rats of the pigmented Dark Agouti strain (Bantin and Kingman, Hull, UK) weighing 220±250 g were housed in pairs in a temperature-controlled room on a 14-h light/10 h dark cycle. Animals were provided with free access to water and by means of a restricted feeding regimen were maintained throughout the experiment at 85% of their free feeding weight.
Surgery
Surgical procedures were identical to those in experiment 1. Four groups of animals were prepared: MPFCx (n = 6), PLx (n = 7), ACx (n = 7) and surgical controls (SHAM, n = 8).
Histology
Histological procedures were the same as in experiment 1.
Apparatus
The apparatus and extra-maze cues were identical to those used in experiment 1.
Behavioural procedures
Matching-to-place task. The pretraining procedures were the same as those employed in experiment 1. During the testing period, each trial was divided into two stages, a`sample run' followed by a`choice run'. The`sample run' proceeded in an identical manner as in experiment 1. However, during the`choice run' the animal was now required to match-to-place. Thus, if the rat ran down the same arm it had previously visited during its`sample run' it was allowed to eat the food reward and was then returned to the home cage. Conversely, if the other arm was chosen, i.e. if the rat alternated its response, the animal was con®ned to that arm for 10 s and then returned to the home cage. All rats were tested in groups of three or four, with each rat having one trial in turn, so that the intertrial interval was typically between 3 and 4 min. Each animal received a single session of six trials per day (each day containing a pseudorandom sequence of three correct left and three correct right choices between the two arms) until a criterion level of ®ve out of six correct trials on ®ve consecutive sessions was reached. A cut-off point of 48 sessions (288 trials) was implemented, after which the rat was said to have failed. The total number of errors that were made before reaching criterion was recorded.
Reversal. Upon reaching criterion performance on the matching-toplace task in the T-maze, the rule was reversed so that all rats were now required to nonmatch-to-place, i.e. to alternate. Session length and criterion level were de®ned as for the matching-to-place task. The total number of errors that were made before reaching criterion was recorded.
Behavioural analysis. In addition to examining overall trials and errors to criterion, acquisition was subdivided into two main phases. The ®rst, perseveration', corresponded to when rats were performing appreciably below chance (`3 out of 12, P = 0.073 binomial distribution), i.e. when the rats initially tried to solve the matching task by nonmatching-to-place. The second phase,`learning', corresponded to when performance was at or above chance. This distinction was made by counting the number of correct response made by each rat in a running window of 12 trials, beginning with trials 1±12 and advancing FIG. 2 . Nonmatching-to-place in a T-maze. The graph shows the mean percentage correct scores of each group over the initial 12 acquisition sessions, grouped in blocks of three sessions. MPFCx lesion group differed signi®cantly from SHAM group, ***P < 0.0001. the window by one trial at a time. The initial perseveration phase was deemed to have ended when the rat achieved a score of four or more correct responses in a window of 12 trials. The`learning' phase comprised all subsequent trials up to the task acquisition criterion of ®ve out of six correct trials on ®ve consecutive sessions.
An additional behavioural strategy was also noted during acquisition of the matching-to-place task. Having overcome the tendency to perseverate with a nonmatching strategy, rats frequently adopted a side bias (e.g. always turn left) before ®nally acquiring the matching task. This`side bias' was examined by calculating both the percentage of sessions comprising the`learning' phase of matching-to-place acquisition in which the animal turned ®ve times or more out of six in the same direction (right or left), and the absolute number of such sessions.
Locomotor activity
Locomotor activity was tested immediately after completion of the reversal task in the same manner as in experiment 1.
Results
Histological analysis
The MPFCx lesion began at the level of the frontal pole and continued rostrally to the level of the genu of the corpus callosum. All six MPFCx animals showed extensive bilateral cell loss in both the prelimbic and dorsal anterior cingulate cortical areas, only the most caudal cingulate regions being spared (Fig. 3a) . The lesion extended ventrally to involve most of the infralimbic area in all but one animal. There was also a region of restricted cell loss in the dorsal olfactory bulbs in two out of the six MPFCx rats, and a region of restricted bilateral cell loss in the rostral motor cortex in one animal.
The PLx lesions were centred in the prelimbic cortex and extended from just behind the rostral pole to the level of the genu of the corpus callosum. All seven animals showed considerable bilateral cell loss in the prelimbic area, only the most rostral regions being spared (Fig. 3b) . In all but one animal, the lesion extended ventrally to involve parts of the infralimbic cortex. In one animal there was also evidence of restricted cell loss in the most ventral portions of the rostral dorsal anterior cingulate cortex.
In the ACx lesions the bilateral cell loss within the anterior cingulate cortex began at a level just behind the rostral pole and continued caudally to a level just behind the genu (Fig. 3c) , with only the most caudal regions being spared in three of the seven ACx rats. Prelimbic damage occurred in only one animal and was restricted to the most dorsal portion of the rostral PL cortex. Differential frontal role in behavioural inhibition. 4461
Behavioural analysis
Matching-to-place. The pattern of acquisition of the matching-toplace task by each lesion group was very different between groups. Rats with NMDA lesions of the dorsal anterior cingulate cortex (group ACx) acquired the matching-to-place task at a comparable overall rate to controls. In contrast, rats with complete lesions of the medial prefrontal cortex (group MPFCx) and rats with selective lesions of the prelimbic±infralimbic cortex (group PLx) were markedly impaired in their acquisition of the task with respect to both controls and ACx rats. Indeed, three rats from the MPFCx group and three rats from the PLx group failed to acquire the task within 48 sessions. Because these six animals failed to reach criterion and testing was curtailed, group comparisons of errors to criterion used nonparametric statistical tests.
The median number of errors to criterion were as follows: SHAM, 64; MPFCx, 122; PLx, 148; ACx, 66. A Kruskal±Wallis test con®rmed that there was a group difference (H = 18.4, P < 0.001), whilst subsequent Mann±Whitney tests (two-tailed) showed that this re¯ected the poor performance of the MPFCx and PLx lesion groups, which were signi®cantly worse than either the ACx or SHAM groups (both P < 0.01). There were no signi®cant differences between the ACx and SHAM groups. Figure 4 shows the pattern of task acquisition. Only the ®rst 25 sessions are depicted as increasing numbers of animals reached the acquisition criterion (minimum of 16 sessions) and proceeded to the next stage. For the purposes of the graph it is assumed that the performance of animals reaching criterion before session 25 (three SHAM and three ACx) would have remained stable. Comparisons over the ®rst ®ve sessions showed that, as expected, all four groups began the acquisition phase well below chance [mean percentage correct trials over the ®rst ®ve sessions (T SEM): SHAM, 18.8 T 4.2; MPFCx, 22.2 T 5.8; PLx, 16.2 T 8.5; ACx, 11.0 T 5.3; chance = 50%]. Two-tailed t-tests con®rmed that all groups' performance at this stage was signi®cantly below chance (SHAM: t 7 = 8.16, P < 0.001; MPFCx: t 5 = 11.67, P < 0.001; PLx: t 6 = 10.53, P < 0.001; ACx: t 6 = 19.35, P < 0.01). Furthermore, ANOVA of these ®rst 30 trials revealed that there was initially no difference in the performance levels of the four groups (F < 1).
As described in the Materials and Methods section, task acquisition was subdivided into two phases comprising`perseveration' (when performance was appreciably below chance) and`learning' (when performance was at or above chance). The initial`perseveration' phase was deemed to have ended when the rat achieved a score of four or more correct responses in a window of 12 trials. Figure 5 shows the percentage of rats in each group that had reached this criteria for ending`perseveration', and illustrates the greater extent of`perseverative' behaviour in those rats with discrete lesions of the prelimbic±infralimbic cortex (PLx) and of the anterior cingulate cortex (ACx) compared to the MPFCx and SHAM groups, a ®nding also demonstrated in Fig. 6 , which shows the pattern of errors over both the`perseveration' and`learning' phases.
Although the extent of`perseverative' behaviour was greatest in those rats with discrete lesions of the prelimbic±infralimbic cortex (PLx) and of the anterior cingulate cortex (ACx), a different pro®le appeared for the`learning' phase (Fig. 6) . Now, animals with more extensive medial prefrontal lesions (MPFCx) and animals with PLx lesions made an excessive number of errors whilst the ACx rats made fewer errors than controls. As a consequence the SHAM and ACx groups made similar numbers of errors overall to reach criterion, but the distribution of these errors appeared very different. Analyses of these data con®rmed that there was a highly signi®cant effect of group (F 3,24 = 15.1, P < 0.001) as well as a group Q phase of learning interaction (F 3,24 = 13.8, P < 0.001). The group effect was because the MPFCx and PLx groups both made more errors overall than the SHAM and ACx groups (Newman±Keuls, both P < 0.01) whilst the latter two groups did not differ. Subsequent analyses of the simple effects using the pooled error term (Winer, 1971 ) revealed group differences for both the`perseverative' (F 3,47 = 4.12, P = 0.011) and`learning' (F 3,47 = 24.4, P < 0.001) phases. The`perseverative' phase difference arose from the extended nonmatching behaviour of both the PLx and ACx rats which differed signi®cantly from both the MPFCx and SHAM rats (both P < 0.01). The`learning' phase difference was due to the poor learning by both the PLx and MPFCx rats (both P < 0.001 compared to SHAM group). At the same time, there was a facilitation by the ACx rats so that they made signi®cantly fewer errors than did the other three groups (P < 0.01).
These group differences in the`learning' phase were explored further by comparing the side bias scores, de®ned as the percentage of learning' phase sessions in which the animal turned ®ve or more times out of six in the same direction [mean side bias scores (T SEM): SHAM, 45.4 T 9.9; MPFCx, 72.9 T 8.5; PLx, 75.3 T 5.3; ACx, 23.5 T 6.5]. An ANOVA of the side bias scores revealed a signi®cant effect of group (F 3,24 = 11.0, P < 0.001), and subsequent Newman±Keuls tests showed that this re¯ected the exaggerated use of this response strategy by both the MPFCx and PLx rats (both P < 0.05) compared to the SHAM group. At the same time the ACx rats displayed an unusually infrequent use of this side strategy (P < 0.05) in comparison to the SHAM group. Identical ®ndings were obtained when the analysis used the actual number of side bias sessions rather than the percentage number of`learning' phase sessions.
Reversal. Because three rats from each of the MPFCx and PLx lesion groups failed to reach criterion performance on the initial matching-toplace task, only the remaining three MPFCx and four PLx rats, together with all the rats from the ACx and SHAM groups, were assessed subsequently on its reversal. As for the matching-to-place analysis, all errors made during acquisition of the reversal were classi®ed as either`perseverative' or`learning', using the same criteria as before. Figure 7 shows the pattern of errors over the two acquisition phases (perseverative vs. learning). All lesioned and sham-operated rats showed perseveration on the reversal from matching-to nonmatching-to-place in the T-maze as they continued to apply the previously correct rule for many trials. However, the duration of this perseveration appeared greater for the PLx group than for the other three groups. Moreover, this same group also produced by far the greatest number of errors during the`learning' phase. An ANOVA of this error data showed that not only was there an overall effect of group (F 3,18 = 20.5, P < 0.0001) but there was also a signi®cant group Q phase of learning interaction (F 3,18 = 4.1, P < 0.05). Subsequent Newman-Keuls tests con®rmed that the group effect re¯ected the poor learning by the PLx rats as their overall error scores were higher than those of the MPFCx, ACx and SHAM groups (all P < 0.01). Indeed, further analysis of the simple effects showed that the PLx rats made more`perseverative' (P < 0.05) and`learning' (P < 0.001) phase errors than the other three groups. The group Q phase of learning interaction arose from the unusually high number of learning' phase errors by the PLx group.
Further analyses also showed that the PLx rats had dif®culty in relinquishing a secondary side strategy prior to shifting to the nonmatching-to-place rule. The percentage of sessions (T SEM) during the`learning' phase in which there was evidence of a side bias were as follows: SHAM, 32.6 T 9.0; MPFCx, 17.4 T 8.5; PLx, 75.3 T 5.3; ACx, 23.5 T 6.5. An ANOVA revealed a signi®cant effect of group (F 3,18 = 8.4, P < 0.001), and subsequent Newman±Keuls tests con®rmed that the PLx rats (P < 0.01) differed from the other FIG. 6 . Mean number of perseverative errors (errors made while performing signi®cantly below chance) and learning errors (errors made while performing at or above chance) made by each group on the acquisition of the T-maze matching-to-place task. All values shown are means (T SEM). Lesioned group differed signi®cantly from SHAM group: **P < 0.01, ***P < 0.001.
FIG. 7.
Mean number of perseverative errors (errors made while performing below chance) and learning errors (errors made while performing at or above chance) made by each group on the reversal of the T-maze matchingto-place task. All values shown are means (T SEM). Lesioned group differed signi®cantly from SHAM group: *P < 0.05, ***P < 0.001. three groups. There were, however, no differences between the side bias scores of the MPFCx, ACx and SHAM groups.
Locomotor activity
Activity measures were variable between rats but, as in experiment 1, there were no signi®cant differences between any of the four groups within a session (total activity scores T SEM: SHAM, 557.6 T 80.9; MPFCx, 441.8 T 98.2; PLx, 549.6 T 53.5; ACx; 688.6 T 75.1). An ANOVA of the activity scores recorded at 10-min intervals across the 2-h session revealed a signi®cant effect of time interval (F 11,264 = 49.8, P < 0.001), but no effect of group (F < 1) and no group Q time interval interaction (F < 1).
Discussion
The ®ndings from experiment 1 showed that whilst extensive lesions of the medial prefrontal cortex (MPFCx) impaired acquisition of a spatial nonmatching-to-place task, discrete lesions of the prelimbic± infralimbic cortices (PLx) and the dorsal anterior cingulate cortex (ACx) had no apparent effect on this task at this delay. In striking contrast, acquisition of the matching-to-place task (experiment 2) was disrupted by all three prefrontal lesions, but each produced different patterns of impairment. All groups, including controls, performed signi®cantly below chance during initial matching-to-place acquisition due to the innate tendency to nonmatching-to-place. By dividing acquisition into two phases,`perseveration' and`learning', it was found that`perseverate' errors (persisting to nonmatch) were signi®cantly greater in the ACx and PLx rats than in the MPFCx and control rats. The`learning' phase of matching-to-place acquisition was impaired in both the PLx and MPFCx groups, yet facilitated in ACx animals with respect to controls. Within this`learning' phase many animals showed a secondary strategy prior to attaining the matching-to-place rule characterized by consistently turning one way on the choice trials (e.g. always turn left), so typically getting half of the trials correct. Both the MPFCx and PLx rats showed prolonged usage of this side strategy, whilst the ACx rats shifted from the nonmatching to the matching rule with minimal reliance on this secondary side strategy in comparison to all the other groups. Subsequent reversal of the matching rule back to the preferred nonmatching rule also dissociated between the medial prefrontal lesions, as a de®cit was apparent in the PLx group alone.
Whilst the decision to divide errors into two categories (`perseverative' and`learning') proved illuminating, it should be appreciated that this distinction is in part arbitrary. Thus, during thè perseverative' phase there is no reason to suppose that some learning of the appropriate rule is not happening while the animal is trying to withhold a prepotent response. As a consequence these two components will inevitably interact. Nevertheless, such distinctions have proved valuable as they demonstrate how various prefrontal and limbic lesions can disrupt reversal learning in qualitatively different ways (Jones & Mishkin, 1972; Ragozzino et al., 1999a) . These distinctions also provide a direct comparison with analyses concerning the effects of lesions of the thalamic nucleus medialis dorsalis (MD) on matching and nonmatching -to-place (Hunt & Aggleton, 1998) . This is of value as MD is densely interconnected with the prefrontal cortex. Perhaps most importantly, these subdivisions can reveal an abnormal distribution of performance that would not be detected by merely comparing overall error rate (e.g. in group ACx).
Collectively, the results of the present experiments suggest that the different regions within the medial prefrontal cortex have different contributions in providing inhibitory control. With respect to the discrete lesion data, the ®ndings from experiment 1 show clearly that the ability to remember spatial information over short time intervals (10 s) is intact both in those animals with prelimbic±infralimbic lesions (PLx) and in those animals with dorsal anterior cingulate lesions (ACx) as measured in the nonmatching-to-place task in the Tmaze. Similar results for neurotoxic medial prefrontal cortex lesions have been reported previously (Aggleton et al., 1995; Delatour & Gisquet-Verrier, 2000) . Consequently, it is highly improbable that the de®cits observed in acquiring the matching task variant in either of the PLx or ACx groups can be attributed to an inability to remember a speci®c location, given that the spatial working memory requirements of each task variant are essentially the same.
Instead, with respect to those rats with prelimbic±infralimbic lesions (PLx), their de®cit could best be characterized as a general increase in perseveration that affects spatial memory performance. Whilst all animals showed an initial period of responding below chance on the matching task, this was extended in the PLx animals which were unable to relinquish this innate bias as quickly as the control rats. The failure to switch strategies is unlikely to arise from an inability to shift attention to the critical stimulus dimension (see Dias et al., 1996; Birrell & Brown 2000) , as the matching rule exploits the same class of stimuli, namely allocentric spatial cues, as the preferred nonmatching rule. Consequently, the initial de®cit in acquiring the matching-to-place task by the PLx group may be better characterized as a failure to shift response rules. Consistent with this, the PLx group showed more prolonged use of a response strategy (e.g. always go to the right) and resultant slower learning. The same group were also impaired on reversing from matching-to nonmatching-to-place in the T-maze, where once again the PLx animals showed increased`perseveration' and side bias. Although this reversal ®nding comes from a subset of only three animals, histological analysis showed that the lesions in this subset were comparable to those of the four animals excluded from this subset. Thus the present ®ndings consistently suggest that damage centred in the prelimbic cortex impairs strategy switching. This conclusion is supported by other ®ndings which have demonstrated increased perseveration as a result of selective prelimbic±infralimbic damage in a variety of different spatial tasks (de Bruin et al., 1994; Granon et al., 1994; Aggleton et al., 1995; Seamans et al., 1995; Delatour & Gisquet-Verrier, 1996 Ragozzino et al., 1999a Ragozzino et al., , 1999b .
In striking contrast, a very different pattern of de®cits was observed in experiment 2 following lesions of the rostral cingulate cortex. Although the ACx animals initially showed increased persistence of the inappropriate nonmatching rule, they then failed to adopt a persistent secondary side bias strategy in marked contrast to the PLx group. Instead, the ACx rats showed abnormally fast learning of the matching rule. Also in direct contrast to the PLx group, the ACx group reversed at a normal rate to the nonmatching rule. Collectively, these differences between the PLx and ACx groups suggest that, whilst both the prelimbic±infralimbic and anterior cingulate regions are important in promoting¯exibility, the nature of inhibitory control provided by these speci®c prefrontal regions differs. One possibility is that the dorsal anterior cingulate cortex is critical only when an innate preference, rather than a learned strategy, needs to be overcome, whilst the prelimbic±infralimbic cortex is crucial in both conditions. In support of this hypothesis, previous ®ndings have shown that inactivation or lesions of the anterior cingulate cortex produce minimal effects on cross-modal strategy switching, in which the animal is required to shift responding between spatial and visual cues (Ragozzino et al., 1999b) , has no effect on visual discrimination reversals (Bussey et al., 1997 ), yet produces severe de®cits on a modi®ed standard radial arm maze procedure in which the selection of some arms is never rewarded (Seamans et al., 1995) . In this modi®ed condition the rat is required to withhold the normal foraging strategy of visiting all arms. By contrast, prelimbic cortex inactivation or lesions have been shown to disrupt both dimensional strategy switching (Ragozzino et al., 1999a (Ragozzino et al., , 1999b and the reversal of dif®cult visual discrimations (Bussey et al., 1997) , as well as the acquisition of the same modi®ed radial arm maze task (Seamans et al., 1995) .
An alternative explanation is that anterior cingulate lesions leave stimulus±response learning intact, but disrupt stimulus±reward learning (Bussey et al., 1997) . Supporting evidence comes from a facilitation of the initial learning of a visuospatial conditional task (Bussey et al., 1996) , ascribed to a lack a competing stimulus±reward learning. Although the cingulate lesions in their studies were more caudally placed than those in the present study, there is suf®cient overlap for this proposal to be worth consideration. It is thus noteworthy that the ACx group not only showed facilitation of thè learning' phase of experiment 2 but post hoc analyses revealed that they also performed signi®cantly better than all other groups (including controls) over the ®rst six sessions of the nonmatchingto-place task (experiment 1). The facilitation in experiment 1 (nonmatching) could be linked to a diminuation of stimulus±reward learning if this form of learning normally encourages an initial competing tendency to return to the site of reward (i.e. match) that is hidden' by the much stronger tendency to nonmatch irrespective of reward. This greater`release' of nonmatching could also help to explain the poor initial performance on experiment 2 (perseveration of nonmatching). Whilst this account appears consistent with some aspects of performance, it is unclear how it could explain the facilitation in later learning or why rats with anterior cingulate lesions can show normal reversals on some visual and spatial discrimination tasks that should also tax stimulus±response learning (Meunier et al., 1991; de Bruin et al., 1994; Bussey et al., 1997) .
Such results highlight the important ®nding that while the prelimbic±infralimbic and anterior cingulate cortices appear to be involved differentially in strategy switching, this involvement is selective. For example, prelimbic±infralimbic lesions do not impair spatial reversal learning in a Morris water maze (de Bruin et al., 1994; Granon & Poucet, 1995) , or reversal of a position response in an operant task (Aggleton et al., 1995) . Similarly, effects on discrimination reversal learning are often minimal following lesions involving the anterior cingulate cortex (Meunier et al., 1991; de Bruin et al., 1994; Bussey et al., 1997; Birrell & Brown, 2000) . Recently, Wise et al. (1996) proposed that different prefrontal cortical subregions contribute to different types of rule learning, namely higher-order rule learning (e.g. strategy shifting) and lower-order learning (e.g. reversal learning). The fact that the dorsal anterior cingulate and prelimbic±infralimbic cortices appear to be involved selectively, albeit differentially, in strategy switching emphasizes further the importance of both these medial prefrontal subregions in the control of higher order processes (see also Birrell & Brown, 2000) .
In view of the de®cits shown by the PLx and ACx groups it is not surprising that animals with combined prefrontal lesions (MPFCx) were also impaired. What is surprising is that the MPFCx group were only impaired on a subset of tasks. One might predict that because the MPFCx animals received combined lesions of the prelimbic± infralimbic and dorsal anterior cingulate cortices, these animals would also exhibit a combined phenotype of behaviour. Thus, given the striking behavioural differences between the effects of lesions in the prelimbic±infralimbic and dorsal anterior cingulate cortices, it is to be expected that a lesion of the combined subregions will induce multiple effects. For example, the MPFCx animals show behavioural traits that are unique to each of the discrete lesion groups, i.e. increased perseverative side bias behaviour like the PLx animals but intact reversal from matching-to-place like the ACx animals. It is also possible that such multiple effects could interact with one another to compound or enhance existing effects, or result in a new effect altogether. The de®cit in T-maze alternation acquisition observed in the MPFCx group, but not in the PLx or ACx groups, is an example of this latter type of interaction. Alternatively, the interaction of multiple effects may even lead to the negation of some effects.
A particular problem that arises from the MPFCx de®cit in nonmatching-to-place (experiment 1) is the impact such a de®cit may have on the matching-to-place and reversal tasks (experiment 2). This potential impact is seen most clearly during acquisition of the matching task where a failure to nonmatch during the initial acquisition stage (where all rats perform below chance, i.e. are nonmatching) will accidentally expose the animal to the correct learning rule. This is likely to happen most often in the MPFCx group. A possible consequence of this would be to aid learning and so mask other possible de®cits, such as an increase in perseverative responding. The present study therefore emphasizes the potential confounds in interpreting data that are likely to be a consequence of multiple systems damage. Overall, the present ®ndings indicate that insight into prefrontal function can be better gained by examining the contributions made by the individual subregions that make up the medial prefrontal cortex, rather than assessing this area as a whole. Support for this view is emerging from the increasing trend in recent studies to investigate prefrontal function utilizing a selective subregion approach (for example, de Bruin et al., 1994; Aggleton et al., 1995; Seamans et al., 1995; Joel et al., 1997; Ragozzino et al., 1999a,b) .
In conclusion, therefore, taken collectively the present ®ndings show that under conditions when allocentric spatial working memory appears intact, aspects of response control and inhibition that affect spatial memory are disrupted after selective medial prefrontal lesions. Furthermore, the nature of the disruption depends on the lesion site within the medial prefrontal cortex. Finally, the de®cit characterized by prelimbic±infralimbic cortex lesions is strikingly similar to the impairment observed in rats with neurotoxic lesions of the MD trained on the same spatial matching task (Hunt & Aggleton, 1998) . Rats with MD lesions not only persisted with their innate spontaneous alternation behaviour, they also showed excessive perseveration when ®nally switched from matching to nonmatching. Given that PL and MD are densely and reciprocally interconnected (Krettek & Price, 1977; Groenewegen, 1988; Ray & Price, 1992) , these similarities point to a functional system linking the two sites that is critical in promoting speci®c aspects of executive control, namely, the ability to shift response rules.
